A method is described for quantitatively analyzing the level of interconnectivity of solid-oxide fuel cell (SOFC) electrode phases. The method was applied to the three-dimensional microstructure of a Ni -Y 2 O 3 -stabilized ZrO 2 (Ni-YSZ) anode active layer measured by focused ion beam scanning electron microscopy. Each individual contiguous network of Ni, YSZ, and porosity was identified and labeled according to whether it was contiguous with the rest of the electrode. It was determined that the YSZ phase was 100% connected, whereas at least 86% of the Ni and 96% of the pores were connected. Triplephase boundary (TPB) segments were identified and evaluated with respect to the contiguity of each of the three phases at their locations. It was found that 11.6% of the TPB length was on one or more isolated phases, and hence was not electrochemically active.
Introduction
Attempts to understand solid oxide fuel cell (SOFC) electrode performance have often been limited by the lack of quantitative data describing the complex electrode microstructure. For example, composite electrodes such as Ni-YSZ (YSZ = 8 mol% Y 2 O 3 -stabilized ZrO 2 ) typically consist of three phases -an electronically-conducting solid (e.g., Ni), an ionically-conducting solid (e.g., YSZ), and a pore phase. Macrohomogeneous structure parameters desired include, at minimum, volume fractions, surface areas, and triple-phase boundary (TPB) density. The importance of TPB density can be illustrated by considering the hydrogen oxidation reaction,
that occurs in an SOFC anode, as an example. The H 2 and H 2 O exist in pores, the ions in the ionically-conducting phase, and the electrons in the electronically conducting phase.
Thus, all three phases are involved in the reaction, such that the reaction is expected to occur primarily near triple-phase boundaries. It is also clear that each phase must be able to supply or remove the relevant reactants/products in eq. 1 at the TPB. That is, there must be phase contiguity through the electrode to the surroundings, e.g., from the electronicallyconducting phase to the electrical contact. A lack of phase contiguity was previously used to explain poor electrochemical performance of Ni-rich or YSZ rich Ni-YSZ anode compositions, (Wilson & Barnett, 2008) , but contiguity was not directly measured. Thus, additional microstructural information required includes phase contiguity and tortuosity.
Some of the above structural quantities, including volume fractions, surface areas, and TPB densities, can be obtained with reasonable accuracy from stereological analysis of two-dimensional images. (Wilson & Barnett, 2008; Zhao, 2001 ) Nonetheless, there is relatively little data available for TPB density, (Wilson & Barnett, 2008; Wilson, et al., 2006 ) because until recently it was difficult to resolve the electronically-and ionicallyconducting phases in scanning electron microscope (SEM) images (Thyden, et al., 2008; Wilson, et al., 2006; Wilson, et al., 2007) . On the other hand, properties such as tortuosity and phase connectivity are inherently three dimensional (3D) in nature and are not readily quantified from 2D images, except for simplified estimates based on nearest neighbor spherical packing models. (Lee, et al., 2002; Lee, et al., 2005) . With the development of high resolution tomography (Buffiere, et al., 2008; Holzer, et al., 2006; Kammer & Voorhees, 2008; Mobus & Inkson, 2007) , it has become possible to make threedimensional reconstructions of SOFC electrodes to access these quantities. (Gostovic, et al., 2007; Izzo, et al., 2008; Wilson, et al., 2006; Wilson, et al., 2007) For example, the porephase tortuosity in a Ni-YSZ composite anode was calculated using a finite-element method from focused ion beam -scanning electron microscopy (FIB-SEM) data. (Wilson, et al., 2006) Methods for extracting phase contiguity data from 3D images have been developed but not applied to fuel cells. (Jernot & Lantuejoul, 1999; Odgaard & Gundersen, 1993; Roberts, et al., 1997) In this paper, we describe a method for obtaining phase contiguity data and apply it to a FIB-SEM-measured Ni-YSZ microstructure. The interconnectivity of each of the Ni, YSZ, and pore phases was obtained, allowing for the calculation of the "active" triplephase boundary density, i.e., the portion of TPB length that is connected to contiguous ionic, electronic, and gaseous transport paths.
Methods

Experimental
The image data set used in this study was the same as that published previously (Wilson, et al., 2006) ; the fabrication, testing, FIB-SEM measurement, and image analysis has been described in detail elsewhere (Wilson, et al., 2006) (50/50wt% plus pore former) support using colloidal deposition, after which the structure was co-fired at 1400 0 C for 6h. The LSM-YSZ (50/50wt%) and LSM layers were subsequently deposited by screen printing and fired at 1175 0 C for 1 hour in separate steps. The SOFC button cell showed electrical performance that was fairly typical of such cells, (Lin, et al., 2005; Liu & Barnett, 2002 ) yielding a maximum power density of 1.2 W/cm 2 when operated on air/humidified hydrogen at 800 0 C.
The region analyzed was the thin (~10 µm) layer of NiO/YSZ after electrical testing, at which point the NiO had been reduced to Ni metal. FIB-SEM images collected had X-Y spatial resolution of 13.9 nm/pixel and a Z-spacing of 44nm between each consecutive image. Image resolution was reduced by a factor of 3 in the X and Y directions in order to obtain nearly cubic voxels. A total of 82 images were used in the 5 reconstruction to produce a total analyzed volume of ~ 109 µm 3 . Images were segmented by hand using Adobe Photoshop to determine accurate assignment of the Ni, YSZ, and pore phases.
Image Filtering
The data set after segmentation of the FIB-SEM images typically contains a number of single-voxel errors that can create significant artifacts in subsequent analysis, e.g., apparent single-voxel-sized particles. Thus, it was found necessary to carry out an initial image filtering step to smoothen the phase boundaries and eliminate single voxel errors. Segmented images were filtered according to the following procedure.
The original anode volume is defined by a three-dimensional matrix U 1 (x,y,z)
with dimensions m x = 370 and m y = 430 (pixel dimensions of a single image), and m z = 82 (# of images -into the plane). Each voxel is assigned a label M (for Ni metal), C (for YSZ ceramic), or P (for pore). From U 1 we create a new three-dimensional data set U 2 , which is a smoothed version of U 1 . To set the value of U 2 (x,y,z), voxels in U 1 a distance of 1 voxel around (x,y,z), i.e., the voxels (x ± 1, y ± 1, z ± 1) are examined. U 2 (x,y,z) values are then set to either M, C, or P depending on which label occurs most often in these surrounding 26 voxels in U 1 . In the case that there is a tie, i.e., the largest value is attained by more than one of the labels M, C, or P, we randomly pick a value for U 2 (x,y,z) among those that are tied. This procedure is applied for all values of (x,y,z), fully defining U 2 . The same procedure is done to U 2 to get U 3 , and so on, until minimal change between sets is observed.
Component And Triple-Line Computation
The corrected images were used to identify and label each of the individual contiguous portions making up each phase, as well as all triple-phase boundary (TPB)
segments. Here we use the term "network" to describe a fully-contiguous and separate subset of a phase. This step of the algorithm starts with a corrected three-dimensional image U 3 (x,y,z), where each voxel has a label M, C, or P. Each voxel is assigned a second label that says whether the corresponding cube is an interior or a boundary cube, with respect to the outer surface of the volume analyzed. If it is a boundary cube, this label also specifies to which of the boundaries the cube belongs (top, bottom, left, right, front, or back). The voxels are then converted to a 3D graph where each voxel represents a point in space. Points are connected on the graph if their neighbors have the same label, such that contiguous networks of a single phase become interconnected by a network of lines. These separate graphs are then identified and their corresponding voxels in U 3 (x,y,z) are given a label associating them with a specific network. In addition, each network is analyzed to determine if any of the voxels contain boundary labels. If none are found, the network is "isolated." If the network includes one and only one boundary label, the contiguous network is labeled "dead-end" (it enters the volume analyzed and dead-ends within). If the network intersects more than one boundary, i.e., it enters and exits the volume analyzed, it is labeled "across" and is considered contiguous throughout the electrode.
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A similar procedure is applied to the edges of the voxels to identify whether they are TPB components and whether they are touching contiguous networks of each phase.
Each edge is labeled a TPB component if the four voxels it touches include all three M, C, and P labels. In addition, these voxels are already labeled, as described above, as to whether they are part of an isolated, dead-end, or across network. The TPB component is then labeled "inactive" if it lies on any isolated network, "unknown" if it lies on any dead-end network (and no isolated networks), or "active" if it lies on across (completely contiguous) networks for each Ni, YSZ, and pore phase.
Results and Discussion
The original segmented images were filtered as described above. Filtering should minimize errors in volume and triple-phase boundary measurements due to minor segmentation error, but should not significantly alter the structure. Figure 1 shows an example of the effect of different numbers of filtering steps on a typical image region. Too many filtering steps (e.g., 10 times) leads to the disconnection of two white and black phases and reduces dramatically the existence of a white "peninsula." In general, the continued filtering of the images reduces high-curvature surface areas, effectively shrinking the Ni and pore phases. Figure 2 shows the cumulative size distributions of Ni networks making up the Ni phase in the Ni-YSZ anode for three cases: the unfiltered data, after one filtering step, and after two filtering steps. The large number of single-voxel networks, i.e., those with a 8 volume of ~ 7.7*10 4 nm, present in the unfiltered data, were eliminated after two filtering steps. Furthermore, there was little or no change in the distribution of larger networks, network shapes showed minimal change (Figure 1 ), and the sample composition by volume was unchanged and agreed with values previously obtained from this data set (Wilson, et al., 2006) : 55% YSZ, 26% Ni, and 19% pore. Hence, two filtering steps struck a balance between eliminating very small voxel errors and avoiding changes from the original microstructure, and all the results described below were obtained from this image. Figure 3 shows the cumulative size distributions of the networks making up the Ni and pore phases. The YSZ phase was not shown because it was one contiguous network (99.9% of the total YSZ volume). Figure 3 shows that the volume of the largest Ni network was ≈ 10 times that of the next-largest network. That is, the Ni phase was dominated by a single connected structure that included 68% of the total Ni volume. The situation with pores was similar -the largest pore constituted 87.5% of the total pore volume.
Figure 3 also indicates which networks were contiguous across the sample volume (labeled "across"), which ones intersected one boundary face and dead-ended within our sample volume (labeled "dead-end"), and which ones were completely isolated within the sample volume (labeled "isolated"). Most of the small volume networks were isolated, while the larger networks tended to be connected across the anode structure. The volumes of each type of network were summed and are given in Table 1 as a percentage of total phase volume. Contiguous ("across") networks made up 86 vol% of the Ni phase, 100% of the YSZ phase, and 96% of the pore phase. The high contiguity of the YSZ phase compared to Ni is expected given its higher overall volume fraction (55% versus 26%). On the other hand, it is somewhat surprising that the pore phase, with only 19% total volume, 9 was more well connected than the Ni. This may indicate a tendency of the pores to appear on Ni-YSZ interfaces and to connect with each other in order to minimize interfacial energy.
Figure 4 provides a visualization of the networks making up the Ni phase. Figure 4a shows the entire Ni microstructure, while Figure 4b highlights the isolated Ni networks in red, and the dead-end networks in blue.
In order to assess the effect of phase contiguity on electrochemical kinetics, anode triple phase edges were counted and analyzed to identify the fractions that were on "across" versus " isolated" or "dead-end" networks, as described previously. The significance of these distinctions is that "isolated" networks contribute only "inactive" triple-phase boundaries to the electrode, whereas TPBs on "across" networks are expected to be electrochemically active, and those on "dead-end" networks are of unknown status. The triple-phase density obtained was 4.2µm -2
, in agreement with a prior analysis of this data set (Wilson, et al., 2006) . It is found that 5.1% of the total TPB length was on isolated metal networks, 5.3% on isolated pores, and 0% on isolated YSZ. Taking into account that 0.9% of these TPB segments lie on both isolated metal and pores, we calculate the total TPB percentage by length that is electrochemically inactive to be 9.5%.
In a similar manner, the TPBs that lie on "dead-end" pores or Ni were identified to determine the fraction of TPBs for which the activity was unknown. Figure 5 shows a 3D visualization of the entire set of TPB lines, where the "active" TPBs are white, the TPBs of unknown activity are blue, and the inactive TPBs are red. The lengths of these different categories of TPB lines are measured and presented in Table 2 with respect to the total TPB density.
It is reasonable to assume that the networks that lie on the boundary of our volume will mimic the connectivity of those contained within, such that only a small percentage of the dead-end networks are isolated in actuality. Hence, as ~9.5% of the TPB length lies on isolated networks, we assume that 9.5% of the 23.8% of TPB length that lies on "dead-end" networks is also inactive. This gives us a value of 11.6% for the total length of TPB that is considered inactive. The amended electrochemically active TPB density is then ~3.7 µm There are limitations to the above-described procedure. It does not provide any information on the degree of connectivity, only whether there is connectivity or not. One could question, for example, why the present anode composition (50:50 wt% NiO:YSZ, yielding 55 vol % YSZ) is widely used in anode active layers; it would appear that somewhat higher Ni and pore volume fractions would improve their connectivity while not decreasing that of YSZ significantly. In reality, however, the very low ionic conductivity of YSZ compared to gas diffusivity in pores and electronic conductivity in Ni must be considered. Thus, a TPB with a connection to the electrolyte via a very narrow YSZ pathway may be effectively equivalent to a disconnected TPB, which is not the case for Ni or pores. The higher YSZ content presumably yields similar effective degrees of connectivity of the three phases, such that transport through one individual phase does not become a dominant rate-limiting step. A full treatment of these effects may require finite element analysis, as in previous pore tortuosity gas diffusion calculations. (Wilson, et al., 2006) 
Conclusions
A technique was developed for using three-dimensional image data to identify the separate contiguous networks constituting each of the solid and pore phases in SOFC electrodes. The method was used to determine the size distribution and level of connectivity of the Ni, YSZ, and pore phases of a Ni-YSZ anode. Triple-phase boundary edges were identified and the connectivity of each of its three phases was assessed in order to determine the percentage of the TPBs expected to be electrochemically active. Together with phase volume fractions, surface areas, and tortuosities, the present results provide a reasonably complete quantitative description of the electrode microstructure, as needed for utilizing 3D images to determine the links between processing variables, microstructure, and the resulting electrode polarization resistance. Figure 4a shows the entire Ni phase, while Figure 4b highlights the isolated Ni networks in
5.
Tables
